vitamins C, E, b-carotene, and zinc with copper. In particular, macular xanthophylls and long-chain fatty acids have received significant attention in the literature since the last review on this subject in this journal in 2007 [4] .
Age-Related Eye Disease Study and AgeRelated Eye Disease study-type formulations AREDS was the first large-scale randomized controlled clinical trial to demonstrate the benefit of vitamin and mineral supplementation in preventing progression to advanced AMD. The AREDS formulation of vitamin C 500 mg, vitamin E 400 IU, b-carotene 15 mg, and zinc (zinc oxide 80 mg and cupric oxide 2 mg) showed a 25% risk reduction in progression to advanced AMD over 5 years in patients with intermediate AMD (extensive intermediate drusen in one or both eyes, one or more large drusen in at least one eye, or nonsubfoveal geographic atrophy in one eye) or advanced AMD (subfoveal geographic atrophy or choroidal neovascular membrane) in one eye [5] . The risk of losing vision of three or more lines (doubling of the visual angle) also was reduced by 19% with this combination treatment. In fact, when available nutritional studies were reviewed by the Cochrane collaboration, the main evidence regarding the effectiveness of vitamin supplementation in preventing AMD progression was attributed as deriving primarily from AREDS [6] .
A recent report from the Blue Mountain Eye study [7] , a population-based study, supported the AREDS finding of a beneficial effect of zinc in AMD progression. Of the original cohort, 2454 patients were re-examined with stereoscopic fundus photography 5 and 10 years after initial study enrollment, and energy-adjusted nutrient intakes were assessed. In threshold analyses, patients in the top decile of total zinc intake (15.8 mg/day) were significantly less likely to develop any AMD [relative risk (RR) 0.56; 95% confidence interval (CI) 0.32-0.97] or early AMD (RR 0.54; 95%CI 0.30-0.97) when compared with the remaining population. Unlike AREDS, however, the Blue Mountain Eye study also found that higher b-carotene intake was associated with an increased risk of neovascular AMD, even after adjusting for smoking status. The authors suggested that this result be taken with caution, as the cause for this negative association is not known. It is also important to note that this was an observational study and that the number of patients with advanced AMD was limited.
Although the AREDS demonstrated protective benefits of supplementation in delaying AMD progression, the role of vitamins and minerals in the primary prevention of AMD is more difficult to ascertain. The AREDS formulation showed no effect in preventing the development of large drusen in participants who had small drusen at baseline, and the incidence of advanced AMD in this group was exceedingly low (<1%). In 2005, the Rotterdam study [8] suggested that high dietary intake of b-carotene, vitamins C and E, and zinc was associated with a 35% reduction in incident AMD risk in elderly persons. More recently, the Women's Health study randomized 39 876 women to low-dose aspirin and vitamin E. After 10 years of treatment and follow-up, aspirin therapy had no large beneficial or harmful effect on risk of AMD [9] , with 111 cases of AMD in the aspirin group and 134 cases in the placebo group (hazard ratio 0.82; 95%CI 0.64-1.06).
The Physicians Health study II may provide some further insights into the role of vitamin C, E, and b-carotene supplementation in preventing AMD. In this study, 14 642 men were randomized to one of 16 possible combinations of vitamin C (500 mg), vitamin E (400 IU), b-carotene (50 mg), and a multivitamin to assess their role in the primary prevention of cardiovascular disease, cancer, cataract, and AMD [10] . Follow-up was completed in December 2007 and data analysis is in progress.
Despite these results, a recent Cochrane library review [11 ] of three large-scale clinical trials randomizing 23 000 patients did not show a benefit of supplementation with b-carotene or vitamin E in preventing AMD. The review concluded that there was insufficient evidence to recommend routine supplementation with antioxidant vitamins or minerals in healthy adults to delay or prevent AMD onset.
v-3 long-chain polyunsaturated fatty acids v-3 polyunsaturated fatty acids include a-linolenic acid (short chain), docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA) (both long chain). Diet is the only source of these fatty acids, as they cannot be synthesized by humans de novo. DHA is present in high concentrations in the outer segments of photoreceptors, which are constantly shed and turned over during the visual cycle. Both a-linolenic acid and EPA are dietary precursors to DHA. Deficiencies of DHA have been implicated in AMD onset [12] , and long-chain v-3 fatty acids may also help to prevent the oxidative, inflammatory, and age-related retinal damage that occurs during AMD development [13] .
Several epidemiological studies have suggested an inverse relationship between dietary v-3 long-chain polyunsaturated fatty acid or fish intake and risk of AMD. In the Blue Mountain Eye study [14 ] , one serving of fish per week was associated with reduced 10-year risk of incident early AMD (RR 0.69; 95%CI 0.49-0.98). This benefit was primarily among participants with less than the median baseline a-linoleic acid consumption. Another large Australian cohort study also showed that higher v-3 fatty acid intake was inversely associated with early AMD when the highest and lowest quartiles were compared [odds ratio (OR) 0.85; 95%CI 0.71-1.02] [15] .
In the AREDS population, higher intakes of DHA and EPA were associated with a lower risk of progression to advanced AMD, independent of AREDS supplementation [16] . AREDS participants with highest intake of v-3 long-chain polyunsaturated fatty acids were approximately half as likely to have neovascular AMD at baseline (OR 0.61; 95%CI 0.41-0.90) or to progress over a 6-year period from bilateral drusen to central geographic atrophy (OR 0.44; 95%CI 0.23-0.87) when compared with those who had the lowest intake (AREDS report no. 20 and 23) [17, 18 ]. In addition, a nested cohort study of AREDS participants at moderate-to-high risk of advanced AMD demonstrated a 12-year incidence of advanced AMD that was 30% lower in patients reporting the highest consumption of v-3 fatty acids [19] .
A recent meta-analysis by Chong et al. [20 ] reviewed nine studies with a total sample of 88 974 people, including 3203 AMD cases (1847 early and 1356 late AMD cases). A high dietary intake of v-3 fatty acids was associated with a 38% reduction in the risk of advanced AMD (pooled OR 0.62; 95%CI 0.48-0.82). A minimum bi-weekly fish intake was associated with a reduced risk of both early AMD and late AMD. On the basis of observational data reviewed, the authors concluded that consumption of v-3 fatty acids may be associated with a lower risk of AMD but that there was insufficient evidence to recommend v-3 fatty acid supplementation for AMD prevention in the general population. However, randomized trials are needed to test the efficacy of this nutritional factor.
Lutein and zeaxanthin
Macular pigment is composed primarily of the xanthophylls lutein and zeaxanthin, also members of the carotenoid family. Their antioxidant properties, as well as their ability to filter short-wavelength light, may help to protect the outer retina and retinal pigment epithelium from oxidative stress and aid in cell membrane stability [21] . Interestingly, Parisi et al. [22] noted improvement in multifocal electroretinogram results in 15 AMD patients given oral supplementation with lutein and zeaxanthin as compared to age-matched controls.
The association between AMD risk and lutein and zeaxanthin supplementation has been explored in several large-scale epidemiological studies. The Eye Disease Case Control study found that the risk for advanced AMD was reduced by 43% in participants in the highest quintile of dietary carotenoid intake, when compared with those in the lowest quintile (OR 0.57; 95%CI 0.35-0.92) [23] . In 2006, the Carotenoids in Age-Related Eye Disease study (CAREDS) concluded that lutein-rich and zeaxanthin-rich diets may protect against intermediate AMD in female patients less than 75 years of age [24] . More recently, the Blue Mountain Eye study [7] reported that higher dietary lutein and zeaxanthin intake reduced the risk of incident AMD over 5 and 10 years. Participants in the top tertile of intake (942 mg/day) had a decreased risk of incident neovascular AMD (RR 0.35; 95%CI 0.13-0.92), and those with above median intakes (743 mg) had a reduced risk of indistinct soft or reticular drusen when compared with the remaining population. In AREDS, dietary lutein/zeaxanthin intake (as determined by a food frequency questionnaire at enrollment) was inversely associated with prevalent neovascular AMD (OR 0.65; 95%CI 0.45-0.93), geographic atrophy (OR 0.45; 95%CI 0.24-0.86), and large or extensive intermediate drusen (OR 0.73; 95%CI 0.56-0.96) when the highest versus lowest quintiles were compared [25] .
Measurement of macular pigment optical density (MPOD) provides a noninvasive measurement of retinal lutein and zeaxanthin. This measurement may be helpful in evaluating the association of the macular pigment with various aspects of the serum carotenoids, though the causal relationship may be difficult to elucidate. Although studies have shown that MPOD is related to dietary intake or serum levels of lutein and zeaxanthin [26] , the results relating MPOD to AMD have been inconsistent across populations and are influenced by the many factors that affect uptake and distribution of these carotenoids in the body. A recent report from the CAR-EDS group could not find a consistent cross-sectional association between MPOD and AMD [21] and suggested that prospective studies were needed to further explore this relationship.
B vitamins
Homocysteine is an intermediary amino acid formed during metabolism of the essential amino acid methionine. Hyperhomocysteinemia, defined as a plasma homocysteine concentration of greater than 2.0 mg/l or 15 mmol/l, is thought to induce vascular endothelial dysfunction, a process that has also been implicated in neovascular AMD [27] . Cross-sectional and case-control studies in the last few years suggest an association exists between elevated serum homocysteine levels and the risk of AMD [28] [29] [30] . In the Blue Mountain Eye study [28] , serum homocysteine greater than 15 mmol/l was associated with an increased likelihood of AMD in participants less than 75 years of age, and in patients with serum homocysteine of 15 mmol/l or less, low serum B12 was associated with nearly four-fold higher odds of AMD.
Vitamin B12 and folate act as essential coenzymes during homocysteine metabolism; treatment with folic acid, vitamin B6 (pyridoxine hydrochloride), and vitamin 12 (cyanocobalamin) has shown to reduce homocysteine levels [31] . The Women's Antioxidant and Folic Acid Cardiovascular study (WAFACS), a randomized trial, assessed whether treatment with vitamins B6 and B12 and folic acid could prevent cardiovascular events in women with preexisting cardiovascular disease or multiple risk factors [32] . Although no benefit was found in terms of cardiovascular disease reduction, the study provided an opportunity to evaluate AMD risk. Of the 5442 participants enrolled in the study, 5205 did not have a baseline diagnosis of AMD and were included in the AMD analysis. The results, based on an average of 7.3 years of treatment and follow-up, indicate that those assigned to active treatment had a statistically significant 35-40% decreased risk of developing AMD. However, the authors suggest that the results be interpreted cautiously, as AMD diagnosis was self-reported, and that findings in this group of women at increased risk of cardiovascular disease may not be applicable to the general population. Although there were only a small number of cases of advanced AMD (19 cases: 17 exudative in nature and two with geographic atrophy), this randomized trial does suggest that further investigation into the role of B vitamins in AMD risk is warranted.
Future directions
The available observational and small trial data are compelling, and further research with large-scale prospective randomized controlled trials is needed to examine the role of nutritional supplementation in AMD. The National Eye Institute developed the AREDS2 trial, a multicenter, randomized trial, to assess the effects of daily oral supplementation of lutein, zeaxanthin, and/or DHA and EPA on the progression to advanced AMD, as compared to placebo (Table 1) . More than 4000 participants aged 50-85 years were enrolled and will be followed for 5 years. Included are participants with bilateral large drusen or large drusen in one eye with advanced AMD (neovascular AMD or central geographic atrophy) in the fellow eye at baseline. The primary outcome is the development of advanced AMD with secondary outcome of moderate visual acuity loss.
In addition, AREDS2 provides an opportunity to further refine the original AREDS formulation by eliminating b-carotene and lowering the dose of zinc. b-Carotene is not found in the eye but was thought to be important as a systemic antioxidant in the original AREDS formulation. Two large controlled randomized trials demonstrated an increased risk of lung cancer in smokers taking b-carotene. The high doses of zinc may not be necessary, as recent data have suggested that the systemic absorption of zinc is limited to about 25 mg per day. For these reasons, the AREDS formulation will be tested in a secondary randomization by assigning consenting participants to one of these four formulations ( Table 2 ).
The socioeconomic benefits of primary and secondary prevention of AMD are enormous. In 2004, the direct medical cost of AMD treatment was estimated at US$575 million in the USA, excluding nursing home and home healthcare costs, and productivity losses [33] . This figure will only continue to rise, as the number of individuals affected with AMD increases in parallel with the aging population and as the expense of therapies such as antivascular endothelial growth factor (anti-VEGF) treatments for neovascular AMD increases. It has been reported that the projected increase in cases of visual impairment and blindness from AMD by the year 2050 may be lowered by 17.6% if vitamin prophylaxis at early AMD presentation is given in addition to standard neovascular AMD treatment (laser or anti-VEGF injections), when compared with neovascular AMD treatment alone [34 ] . At an approximate cost of US$100 per patient per year, supplementation with vitamins and minerals may be a cost-effective method of therapy for patients with AMD to reduce future impairment and disability.
Nutritional supplements for AMD Krishnadev et al. 187 Table 1 Nutrients and doses to be tested in the primary randomization of the Age-Related Eye Disease study 2 trial 
Conclusion
At the present time, there is insufficient evidence in the literature to recommend routine nutritional supplementation for primary prevention of AMD. However, patients with intermediate risk of AMD or advanced AMD in one eye are recommended to take AREDS-type supplements, as this formulation has been proven to reduce the risk of progression to advanced AMD by 25% over 5 years. Many observational studies have also suggested benefit from increased dietary intake of additional nutrients such as carotenoids and v-3 fatty acids. These supplements are currently being evaluated in the AREDS2 trial, a randomized controlled clinical trial testing the effects of lutein and v-3 fatty acids on rates of the progression to advanced AMD. Although vitamin B supplementation appears to be potentially beneficial in the treatment of AMD in a randomized trial, no recommendations can be made until further studies are conducted. The cost-effectiveness of prevention with oral supplements has been demonstrated in the AREDS study. The results of AREDS2 and other studies may provide further insight into the prevention of progression to advanced AMD.
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